A number of investigators have suggested that exposure to low-dose radiation may pose a potentially serious health risk. However, the majority of these studies have focused on the short-term rather than long-term effects of exposure to fixed source radiation, and few have examined the effects of internal contamination. Additionally, very few studies have focused on exposure in juveniles, when organs are still developing and could be more sensitive to the toxic effects of radiation. To specifically address whether early-life radiation injury may affect long-term immune competence, we studied 14-day-old juvenile pups that were either 5 Gy total-body irradiated or injected internally with 50 lCi soluble 137 Cs, then infected with influenza A virus at 26 weeks after exposure. After influenza infection, all groups demonstrated immediate weight loss. We found that externally irradiated, infected animals failed to recover weight relative to agematched infected controls, but internally 137 Cs contaminated and infected animals had a weight recovery with a similar rate and degree as controls. Externally and internally irradiated mice demonstrated reduced levels of club cell secretory protein (CCSP) message in their lungs after influenza infection. The externally irradiated group did not recover CCSP expression even at the two-week time point after infection. Although the antibody response and viral titers did not appear to be affected by either radiation modality, there was a slight increase in monocyte chemoattractant protein (MCP)-1 expression in the lungs of externally irradiated animals 14 days after influenza infection, with increased cellular infiltration present. Notably, an increase in the number of regulatory T cells was seen in the mediastinal lymph nodes of irradiated mice relative to uninfected mice. These data confirm the hypothesis that
INTRODUCTION
The events at Fukushima Daiichi continue to raise public concern about exposure to low-dose radiation. It is certainly true that exposure to high-dose radiation remains a significant health hazard as it can lead to damaging effects on precursor cell populations. Potential sources of irradiation include areas with high levels of naturally radioactive rocks and salts, medical therapeutic devices, nuclear power plant accidents and terrorist attacks. Exposure can also occur from either external or internal sources, the latter through inhalation or ingestion (1) . However, the complexity and range of pathogenic outcomes related to radiation exposure have made it difficult to ascribe specific long-term effects from such exposures to later life morbidities in human populations. Thus, there is a need to develop animal models for risk assessment, as well as to enable the development of countermeasures against radiological damage (1, 2) .
It is widely acknowledged that children are especially vulnerable to exposures from a variety of toxic insults as their organs and tissues are still developing (3, 4) . Indeed, studies conducted on survivors of fallout from atomic bombs in Japan have revealed a chronic dysregulation in immune function (5) . Our group has focused its recent research efforts on identifying the late effects of external irradiation on the adult and neonate lung and, specifically, the irradiated lung's response to delayed immune challenge (6) (7) (8) . We have shown that external radiation exposure of the adult lung alone leads to impaired lung function and increased susceptibility to influenza infection long after radiation exposure and that club cells, a putative stem cell population, are particularly affected in this model (7, 9, 10) . Furthermore, data suggest that club cell secretory protein (CCSP) plays a role in recovery from such injury in later life (8) . We have also reported that total-body irradiation of neonatal mice where all organ systems including the lung and hematopoietic systems are exposed, leads to increased morbidity and altered pulmonary immune response to later life infection with influenza virus (6) . Given that regenerative cell populations, such as club cells, promulgate tissue repair, it is critical for us to understand how they are affected by radiation damage, especially during early development.
In the data reported here, we have extended our studies of neonatal animals to mice that were irradiated at day 14 of life, and describe morbidity results after influenza infection at 26 weeks after exposure. Of note, postnatal day 14 in mice corresponds to the timeframe of 6-8 years old in human development (11) . In addition, since internal irradiation is of concern in areas where nuclear power plant disasters have led to inhalation or ingestion of contaminated foods, we also examined the effects of early internal radiation contamination on the late response to infection. We confirmed that external irradiation during the juvenile period has long-lasting implications for later life response to respiratory viral infections, whereas a less severe and differentially distinct immune response follows juvenile internal radiation contamination.
MATERIALS AND METHODS

Mice and Irradiation
All protocols involving animal work were reviewed and approved by the University of Rochester Medical Center (URMC) Institutional Animal Care and Use Committee. C57BL/6 mice were bred in the URMC animal vivarium using purchased breeder pairs (Jackson Laboratory, Bar Harbor, ME). All pups used in this study remained with their dam until 28 days of age. At 14 days old, mice were injected intraperitoneally with phosphate buffered saline (PBS) or 50 lCi of soluble 137 Cs. Prior to injection, the acidic soluble 137 Cs was neutralized with NaOH to a pH of approximately 7. Alternatively, the external treatment group was 5 Gy irradiated with fixed-source 137 Cs at a rate of 1.7 Gy/min. All work performed with 137 Cs-injected animals was performed under the supervision of the URMC Radiation Safety Unit. Of note, due to housing restrictions with respect to the internally contaminated animals, independent, age-matched control groups were established for the external versus internal studies. Activity [in microCuries (lCi)] was measured in the mouse pups and their respective dams starting at 6 h post injection, continued daily for one week, then three times per week up to 18 days post injection. Mice were assayed using an Canberra InSpectore 1000 portable multichannel analyzer (MCA) (Meriden, CT) with a sodium iodide probe; daily background and a source check were also performed with the MCA. The check source was a 20 gram liquid source in a glass vial containing 9.3 lCi of 137 Cs. The counting chamber was shielded with approximately 2 inches of lead, with additional lead sheeting of approximately one-half inch thickness to reduce background scatter radiation. The probe was held vertically, approximately 9 cm above the sample by means of a polyvinyl chloride fitting. Mice were immobilized in 50 ml conical tubes, which were then inserted into the counting chamber where individual measurements (counts/2 min) were made. While counts were underway, bedding and water was changed in each cage to remove excreted 137 Cs. At the end of the assessment period, all activity data were supplied to Dr. Michael Stabin, Vanderbilt University (Nashville, TN) who calculated the mean accumulated dose to the mouse pups as being 2.5-2.7 Gy delivered over 50 days. 3 Since it was difficult to make accurate estimations of the time and distance that the pups were exposed to contaminated dams and littermates in close proximity, we were unable to account for additional exposure of the pups to external radiation from cage mates.
Infection
Twenty-six weeks postirradiation, anesthetized mice were infected with influenza virus as described previously (6) using 100 HAU of influenza A/HKx31 (H3N2) virus. After infection, mice were weighed daily as a measure of morbidity. Subsets of mice were harvested at day 6, 9 and 14 post infection for whole-lung gene expression and immunohistochemical analysis.
Processing of Lung Tissue
Lungs were processed in several ways. At the time of harvest, the left lobe was inflated with zinc-buffered formalin, tied off using suture material and subsequently processed for immunohistochemistry (6) . The right lower lobe was flash frozen and used to determine influenza viral load. The rest of the lung was placed into TRIzolt reagent (Life Technologies, Grand Island, NY) and used for isolating RNA according to the manufacturer's protocol. RNA was used for subsequent quantitative PCR analysis.
Quantitative Real-Time Polymerase Chain Reaction
The concentration of isolated RNA was determined using the Gene Quant RNA/DNA kit (Pharmacia Biotech Inc., Piscataway, NJ). cDNA was synthesized from 1 lg of total lung RNA using the first strand synthesis protocol from a GeneAmpt kit (Applied Biosystemst, Carlsbad, CA). Probe sets for monocyte chemoattractant protein-1 (MCP1), CCSP and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were purchased from Applied Biosystems. CCSP and MCP-1 gene expression levels were obtained using SYBRt green. Expression levels of CCSP were calculated relative to GAPDH and normalized using the delta CT method. Copy numbers of MCP-1 and GAPDH were calculated with a quantitative method using a standard curve. All assays were run on an iCycler with iCycler iQe MultiColor Real-Time PCR Detection System (Bio-Rad Laboratories Inc., Hercules, CA).
Immunohistochemistry
Paraffin blocks were sectioned at 5 lm and slides were placed in a 608C dry incubator overnight and then transferred to xylene for deparaffinization. Tissue was then rehydrated through a series of xylene and alcohol washes using standard protocols. Antigen retrieval was then accomplished using the DAKO antigen retrieval kit (Dako North America Inc., Carpinteria, CA) at 968C for 30 min. Slides were treated for 30 min with Peroxidaze 1 (Biocare Medical, Concord, CA) to inhibit endogenous peroxidase and nonspecific antibody binding, respectively. Primary anti-CCSP antibody (Abcamt, Cambridge, UK) was diluted 1:2,000 and added to slides for 20 min at room temperature. Slides were then washed and incubated with rabbit anti-rodent horseradish peroxidase (HRP) polymer (Biocare Medical) for 30 min at room temp. After a wash, slides were incubated with Betazoid DAB chromagen (Biocare Medical) until signal was detectable. Slides were then stained with hematoxylin and eosin using standard protocols, treated with Cytoseal mounting media (RichardAllane Scientific/Thermo Scientific, Rockford, IL) and coverslipped. Images were taken using a Nikon Eclipse 80i microscope (Nikont Instruments Inc., Melville, NY) with digital imaging head. A 203 objective was used and pictures were taken with a DS-QiMc camera (Nikont Instruments Inc.). The Nis-Elements BR acquisition software (Nikont Instruments Inc.) was used to capture pictures.
Viral Load Measurements
Lung tissue was thawed and homogenized in sterile PBS/0.5% bovine serum albumin (BSA) using a Dounce homogenizer. Assays were performed as previously described (12) . Briefly, serial dilutions of homogenate were incubated with confluent MDCK cell monolayer and overlaid with an agarose/Dulbecco's modified Eagle medium/trypsin mixture in duplicate. After 48 h, the agarose overlay was removed and the plates were stained using crystal violet. The number of plaques were then counted and averaged over duplicate wells. The average number was multiplied by the dilution factor and then normalized to the corresponding weight of lung tissue used in the assay.
Anti-Influenza Antibody Responses
Ninety-six well U-bottom plates were coated overnight at 48C with a lysate of MDCK cells that were infected with influenza A/HKx31 virus diluted 1:350 in PBS (13, 14) . Plates were then washed (PBS/ 0.05% Tweent 20) and blocked with PBS/0.5% BSA for 30 min at room temperature. Serum was diluted at 1:64 and then 1:2 in PBS/ 0.5% BSA. Serum was added to the antigen-coated 96-well plates and incubated overnight at 48C. Plates were then washed and incubated with a 1:500 dilution of HRP-conjugated goat anti-mouse IgG Fc (IgA/IgM/IgG Fab absorbed; SouthernBiotech, Birmingham, AL). Plates were washed and developed using 1-Step ABTS solution (Pierce/ThermoScientific, Rockford, IL) for 10 min. Absorbance at 650 nm was then determined using a Spectramaxt plate reader (Molecular Devices, Sunnyvale, CA). Background was subtracted from raw values and graphed.
Flow Cytometry of Cells Isolated from Mediastinal Lymph Nodes
Mediastinal lymph nodes were collected and placed in PBS on ice, then disrupted by wetting a 40 lm cell strainer with a small volume of PBS þ 10% fetal bovine serum (FBS; BD Biosciences, San Jose, CA), then disrupting the lymph nodes using the rubber portion of a syringe plunger until none of the structure remained. The filter was washed with 5 ml PBS þ 10% FBS and the samples were placed on ice. The cells were then pelleted, brought up in 1 ml PBS þ 10% FBS, counted, then 1 3 10 6 cells were pelleted and resuspended in 400 ll PBS þ 10% FBS. Nonspecific antibody binding was blocked using Fc block at 1:500 in PBS þ 10% FBS for 10 min on ice. Surface staining was then performed for 30 min at 48C using CD127-BV421, Gr-1-APC, CD4-APC/Cy7, CD3-PE, CD8-PerCP (BD Biosciences), CD45-BV605 (Biolegendt Inc., San Diego, CA) and F4/80-PE/Cy7 (eBioscience Inc., San Diego, CA). After surface staining, cells were washed, stained with LIVE/DEADt Fixable Aqua Dead Cell Stain Kit (Life Technologies) in PBS for 15 min at 48C. For intracellular staining, cells were then permeablized and fixed using the Foxp3/ Transcription Factor Staining Buffer Set (eBiosciences) for 30 min at 48C. Cells were incubated with permeablization buffer overnight and stained using FoxP3-AF488 and IFN-c-BV786 (BD Biosciences) for 2 h at 48C. Cells were then washed, resuspended in PBS and run on an 18 paramater LSRII flow cytometer (BD Biosciences 
Statistics
For quantitative assays, treatment groups were reported as mean 6 standard error of the mean (SEM). Analysis of variance (ANOVA) with Tukey's post test was performed for comparing gene expression levels within the internal and external experiments. Mouse weights were compared using a two-way ANOVA with a random effect for the repeated measures on mice. Analysis was performed with R version 3.0.2, 2013 (R Foundation for Statistical Computing, Vienna, Austria). Statistical significance was established at P , 0.05.
RESULTS
Transfer of 137 Cs from Internally Contaminated Mouse Pups to Dams
Relatively little is known about the clearance kinetics of radioactive salts from juvenile pups that receive an internal exposure of 137 Cs. To address this point, we injected 14-dayold C57BL/6 pups with 50 lCi of 137 Cs or PBS intraperitoneally. Mice were then individually placed inside a counting chamber and the activity was recorded (Fig. 1) . A peak count was recorded at the first reading (36,747 6 662 counts/2 min mean 6 SEM) at 6 h (the first point represented on the graph) and radioactivity was still detectable at day 13 post injection (1,992 6 415 counts/2 min). To analyze whether the contaminating material could be transferred from the pups to their mothers, dams were also assayed for radioactivity. A peak contamination in the dams was detected at day 7 (approximately 15,000 counts/2 min), with a gradual decay by day 13 (Fig. 1) , indicating that, indeed, radioactive material was transferred from pups to their dams. Of note, this transfer of radioactivity to the dams may have a small effect on the kinetics of Cs elimination from the pups, however, the relevance of this finding to the human population is unclear since the dam contamination is likely a consequence of maternal grooming. Cs transfer between pups and dams after pup internal exposure. Fourteen-day-old pups were injected on day 0 with 50 lCi of 137 Cs. Radioactivity was assessed at 6 h post injection and daily thereafter. Counts per 2 min were recorded. Data represent mean 6 SEM, 3-6 pups per point. Data from one dam is shown.
INFLUENZA INFECTION AFTER LOW DOSE IRRADIATION
Transferred Internal Contamination from Pups to Dams Leads to a Late Decrease in CCSP
Given that exposure of adult mice to external radiation leads to a late decrease in lung CCSP expression and decreased CCSP þ cells as detected by immunohistochemistry (8), we examined whether the dams contaminated internally led to a later decrease of CCSP expression in the lung. We sacrificed the dams from cages where pups were injected with 50 lCi soluble 137 Cs or PBS at 12 and 26 weeks post exposure. We then isolated RNA from whole lungs and performed RT-PCR analysis to determine levels of GAPDH and CCSP expression. A ratio of CCSP/GAPDH was determined and graphed ( Fig. 2A) . A decrease in CCSP message was noted at both 12 weeks (73. (6), we also assessed MCP-1 message levels in the lungs from the same animals (Fig. 2B ). There were very low levels of MCP-1 observed in both the internally contaminated and control groups, which did not differ between groups, thus, there appeared to be no association between MCP-1 levels and decreased CCSP expression seen in adult animals secondarily exposed to internal 137 Cs.
Early External Irradiation Leads to Impaired Recovery after Infection with Influenza A Virus
Our group had previously examined the effects of external irradiation on newborn (4-day-old) pups that were subsequently exposed to influenza (6) . We showed that wholebody irradiation exacerbated the loss of club cells expressing CCSP protein after influenza infection. In the current studies, we extended our investigations to a model that mimics juvenile (day 14) internal and external radiation exposure, and examined the long-term effects of radiation exposure. To this end, we allowed the exposed pups to recover for 26 weeks after either 50 lCi 137 Cs contamination or 5 Gy external whole-body irradiation, after which they were infected with 100 HAU of influenza A virus (X31). Mice were subsequently weighed daily for two weeks and the ratio to their initial body weight was calculated (Fig. 3) .
Peak weight loss in influenza virus-infected mice occurred between day 5-6 for the internally contaminated group versus noncontaminated controls (81 6 8% and 77 6 9%). Both groups exhibited a near complete return to their baseline weights by day 14 post infection and appeared to convalesce normally after infection. In contrast, the animals that had received early external irradiation exhibited their peak weight loss at day 10 (55 6 10%), suggesting an increased morbidity in response to influenza virus infection due to the effects of radiation. Their age-matched nonirradiated, but influenza virus-infected control group exhibited maximum weight loss at day 8 (78 6 12%) and had recovered their baseline weight by day 11, whereas the previously exposed group failed to recover baseline weight by day 14 (75 6 7%), suggesting that early external irradiation had inhibited complete convalescence from the respiratory viral infection. Thus, exposure to external radiation led to long-term sequelae with respect to recovery from respiratory viral infection, however the internally contaminated group convalesced normally after a late influenza virus infection.
Antibody Responses and Viral Clearance after Early Irradiation of Juvenile Mice
Since the animals that were exposed to external radiation failed to fully recover their body weight, we tested the hypothesis that these mice had lower levels of anti-influenza antibody compared to nonirradiated mice. Interestingly, similar levels of anti-influenza IgG antibodies were detected in all groups, suggesting that the humoral response had not been significantly impaired by the earlier irradiation (Fig.  4) . The small, nonsignificant differences seen between the age-matched controls and externally irradiated mice were likely due to differences in group animal weights at the time of infection; we have no explanation for the overall lower body weights of the externally versus internally irradiated groups, beyond the observation that the groups were housed in separate areas of the vivarium due to restrictions on cohousing contaminated with uncontaminated animals.
We next examined whether viral load was different between the irradiated and nonirradiated control groups. We performed a plaque assay on homogenized lung tissue from day 6 and 9 infected mice and results were normalized to tissue weight. Viral load was comparable on day 6 between all 4 groups [controls (2 cohorts), internally contaminated and externally irradiated animals] (Fig. 5) . However, by day 9 post infection, titers were reduced in all groups, with no significant difference observed between groups (data not shown).
FIG. 4.
Anti-influenza antibody is detectable in mice for all infected groups. Serum from infected mice was incubated on an ELISA plate coated with X31 influenza virus lysate over a range of dilutions. Antibody was detected using an IgG-specific detection antibody conjugated to HRP. Data are graphed as mean 6 SEM. External n ¼ 1-5 mice. Internal n ¼ 3-5 mice.
INFLUENZA INFECTION AFTER LOW DOSE IRRADIATION
Alterations in CCSP and MCP1 Expression after Irradiation versus Infection
Given our previous observations that club cells are particularly sensitive to influenza infection in mice that were irradiated as newborns (4 days old), we assessed the effect of influenza infection on CCSP expression in mice that were irradiated as juveniles (14 days old) by qRT-PCR ( Fig. 6A and B) . Due to the role played by inflammatory cells during the innate phase of infection, we also examined expression levels of MCP-1, a chemokine known to attract macrophages and select T-cell populations ( Fig. 6C and D) . CCSP expression levels in whole-lung lysates were found to be similar among control and previously irradiated groups that were not infected. However, influenza infection led to a significant decrease in CCSP expression at day 6 and 9 in all infected groups (P , 0.01) relative to control (Fig. 6B) . Of note, CCSP mRNA expression at day 14 remained reduced in the externally irradiated groups, regardless of infection with influenza A virus. Although the reduction in CCSP mRNA expression in the infected internally radioactively contaminated group was smaller than in the infected age-matched controls on day 6, this differential did not persist at the later time points.
Expression levels of MCP-1 were increased on day 6 in the lungs of all virus-infected mice compared to noninfected groups (P , 0.01) (Fig. 6C and D) . By day 9 post infection, MCP-1 expression levels had returned to their pre-infection baseline in both the early internal contamination cohort and its age-matched infected controls, but remained significantly elevated in the infected externally irradiated and age-matched control groups (P , 0.01) (Fig. 6D) . On day 14, a significantly elevated level of MCP-1 expression was seen only in the group that had earlier received external irradiation. Thus, the previously internally contaminated mice exposed to influenza behaved similarly to their noncontaminated counterparts and resolved inflammation by day 9. However, the externally irradiated group that experienced late influenza infection failed to completely resolve inflammation by day 14.
Exposure to Radiation Impairs Recovery of CCSP and Increases Cellular Infiltration after Infection
To interrogate lung pathology and further examine CCSP gene expression results, we formalin-fixed the left lobe from the lungs of each animal used for molecular analysis and stained for CCSP protein expression to qualitatively analyze histopathological changes and compare with the quantitative CCSP expression (Fig. 7) . Light microscopic examination confirmed the RT-PCR data, showing that influenza virus infection had severely decreased CCSP expression in the large airways, which was most apparent at day 6 post infection in both internally contaminated and externally irradiated animals, as well as in the virus-infected sham-irradiated groups. In the infected internal contamination group, there was some recovery of CCSP þ cells by day 14, which was similar to that seen in both control groups, although no group had returned to baseline. With respect to the externally irradiated, virus infected animals, not only was there a decrease in CCSP þ cells, but an observable increase in cellular infiltration compared to the nonirradiated, influenza virus-infected controls (see Fig. 7 ) and signs of edema were evident as well.
FIG. 5. Viral load is similar in all groups of irradiated and nonirradiated influenza virus-infected groups.
Homogenates from one lung lobe from 2-3 animals on day 6 post infection were used in viral plaque assays. The number of plaques was normalized to weight of lung tissue used in the assay and graphed as mean 6 SEM. No statistical differences were observed.
External Irradiation of Juvenile Animals Causes an Increase in Frequency of Regulatory T Cells in the Mediastinal Lymph Node with Decreased FoxP3 Expression
Our observation that early external irradiation resulted in increased weight loss and lung damage in response to late influenza infection led us to examine whether the immune microenvironment was altered in these animals. Given that lung late effects (fibrosis) and regulatory T cell differentiation share common signaling pathways, and that regulatory T cells play a role in the resolution of inflammation after viral clearance, we assessed the frequency of regulatory T cells in the lymph nodes that drain the lung (15) (16) (17) (18) . Due to animal number limitations, we were only able to harvest FIG. 6 . Impaired recovery of CCSP expression in the internal irradiation group. One lung lobe per mouse was taken for RNA at each time point and treatment condition. qRT-PCR was used to quantitate absolute mRNA copy number of CCSP (panels A and B) and MCP-1 (panels C and D) and normalized to GAPDH copy number. Data represent mean 6 SEM. n ¼ 2-5 mice. *P , 0.05, **P , 0.01, ***P , 0.001. (Fig. 8B ). We observed a significantly decreased frequency of CD3 þ
CD4
þ T cells in the irradiated group (Fig. 8C : 22.4 6 1.4% in control vs. 15.55 6 1.1% in irradiated mice). However, of the CD4 þ T cells, a higher frequency stained as Tregs in irradiated animals versus controls (30.78 6 2.1% vs. 19.0 6 2.4%, respectively). Thus, early external irradiation led to long-term changes in the immune system, seen as decreased FoxP3 expression in the CD4 þ T-cell population, which may offer an explanation for the observed increased inflammatory state after infection due to decreased immunosuppression.
DISCUSSION
Previous findings from our group have demonstrated that external irradiation to the lung alone in adult mice or wholebody irradiation of 4-day-old neonates leads to late morbidity in response to influenza infection (6) (7) (8) . In the current study using our extended models, the data suggest that exposure to radiation during the juvenile stage of development may also lead to long-term consequences in the event of later life respiratory viral infection.
Whole-body irradiation targets all organ systems, including the lung and immune system, both of which are considered to be dose limiting with respect to radiation therapy and are deemed to be relatively radiation sensitive. Nonetheless, the external radiation dose used in these studies is considered to be below the threshold for the induction of late lung damage (19) . However, there are a number of investigators that believe that even in asymptomatic tissues, subclinical, cryptic damage may persist for months, if not years, postirradiation (2, 5, 7, 19) . To assess long-term consequences of early-life exposure, mice were whole-body irradiated at 14 days of age, and after a 26-week recovery period, were then infected with 100 HAU of influenza A virus. We demonstrated that these animals do not regain body weight normally out to 14 days post infection (Fig. 3) . However, the fact that normal antibody responses and viral clearance was observed in the irradiated group compared to age-matched controls suggested that the primary immune response was intact and was capable of mounting an antiviral response (Figs. 4 and 5) . These results are consistent with data obtained when mice were irradiated during the neonatal period (6), however, it is possible that, upon further viral challenge, defects in the immune response could be revealed.
Consistent with our previous findings, CCSP message levels were reduced in the lungs of the externally irradiated animals after influenza infection; this was mirrored by protein expression, visualized in histological analysis and accompanied by increased cellular infiltrate in these mice (Fig. 7) . Since the CCSP þ cells are more sensitive to viral insult, it is possible that these cells were expressing previous injury and that CCSP could be a potential biomarker for early radiation exposure. Furthermore, MCP-1 levels did not return to baseline by day 14 (Fig. 6) , indicating a dysregulation in the resolution phase of the response. This matches well with our data demonstrating impaired weight gain in these mice, which could indicate a systemic increase in proinflammatory cytokines. Given that TNF-a is known to contribute to weight loss in mice, future investigations should examine plasma levels of TNF-a in relationship to the failure of externally irradiated mice to regain weight (20) .
Although widely perceived as a lower risk, human exposure to internal radiation after, for example, nuclear power plant disasters has been well documented due to consumption of contaminated milk products and soft leafy vegetables (21) (22) (23) . Furthermore, the perceived risk of large populations being exposed to radiation from internal contamination and/or external sources as a result of terrorist attacks has increased significantly since the terrorist attacks against the U.S. on September 11, 2001 . However, despite the likely heterogeneity of an exposed population, the longterm effects of low-dose exposure on children are poorly understood. Given the recent findings from both the counterterrorism and space literature (24, 25) , and the overall paucity of information on internal contamination, we examined the effects of an internal dose of soluble 137 Cs on juvenile mice, again focusing on immune system function and the pulmonary response to a late respiratory viral challenge. Our data show that the majority of injected soluble 137 Cs was cleared rapidly from the pups, although counts did not return to absolute background by 14 days after exposure, with low-level counts detected for over six weeks. This confirms the potential for prolonged low-dose systemic exposure after intake of a long-lived radioactive isotope, especially when isotopes, such as cesium or strontium, are preferentially taken up in soft tissue or bone. It is worth noting that we observed a transfer of radioactive material from contaminated pups to their dams, likely a consequence of maternal grooming, with the dams subsequently demonstrating reduced CCSP message in the absence of infection. However, we did not see any increase in MCP-1 levels in the lung of the dams, indicating that the loss of CCSP þ cells did not correlate with increased inflammation. Of note, there was no effect seen with respect to CCSP message levels in the animals that were either externally irradiated or internally contaminated as pups, which is in contrast to our observation in the dams. This would suggest that there may have been some regenerative capacity for damage when juveniles are internally contaminated that is not apparent in older adults (9, 10) .
We chose to assess the response to viral infection in animals at 26 weeks after irradiation, which represents a time when fibrosis and pneumonitis are typically not induced over background levels in the C57BL/6J mouse strain (19, 26) . Our previous work suggests that a dose of 12.5 Gy resulted in fibrosis at the 26-week time point, whereas a lower 5 Gy dose did not result in fibrosis as observed by histology (1, 7, 8) . With respect to the ability of the internally contaminated juvenile mice to respond to late infection, overall, their response was closer to that of the sham-irradiated cohorts than the externally irradiated mice. This is likely a consequence of the significantly lower dose, calculated at approximately 2.5 Gy and attenuated over a 50-day exposure period compared to the single 5 Gy wholebody dose administered to the externally irradiated pups. We note that the loss of CCSP occurred only in groups that were infected with influenza A virus, compared to PBS controls, indicating that club cells are sensitive to the effects of viral infection. We also note a radiation effect in the influenza-infected group when mice were internally contaminated with 137 Cs. At day 6, the internally contaminated group that was infected with influenza virus had higher levels of CCSP message versus noncontaminated but influenza-infected mice. However, at day 9 the internally irradiated group had a lower CCSP message level. The internal contamination group that was infected with influenza A virus exhibited loss of club cells with no increase in the severity of later life viral infection, indicating a decoupling of the pulmonary and immune system damages. Given a recent report that chronic low-level contamination with 137 Cs leads to alterations in metabolism (27) , future studies may need to focus on persistent exposure to Cs internal radiation followed by influenza infection, which we believe may lead to increased morbidity if followed to later time points (e.g., 46 weeks post contamination). Given that TNF-a, MCP-1 and other proinflammatory cytokines are known to contribute to weight loss and lung damage in mice infected with influenza virus, future studies should examine plasma levels of TNF-a and other proinflammatory cytokines (20, 28, 29) , since such studies may reveal cytokine-targeted treatment strategies that could improve the long-term survival of irradiated humans, such as survivors of bone marrow transplantation.
Our group has previously reported that CCSP plays an important role in recovery from influenza infection in irradiated mice (8) . Furthermore, this result is consistent with our previous findings showing that adult mice irradiated with an external thoracic dose of 15 Gy exhibited an increase in influenza-specific CD8 þ T cells in the lungs at day 14 (7). Additionally, whole-body irradiation of neonatal mice followed by influenza infection 26 weeks later led to increased lymphoid follicle size within the lung (6). One possible explanation for this phenomenon is a defect in the ability of the immune system to resolve subsequent injury in the club cell population as a result of earlier radiation damage. Consistent with this idea is that even uninfected, but externally irradiated, mice exhibited a significant decrease in the proportion of CD4 þ T cells in their mediastinal lymph nodes, with an increased fraction of these cells being Tregs (Fig. 8) . These cells expressed lower levels of FoxP3, which is consistent with an impaired suppressive function during conditions of inflammatory disease (30) (31) (32) (33) . If Treg function is impaired, then despite the observation that there are a higher number of these cells, the net effect could be failure to control inflammation.
In general, our results suggest that early-life exposure to external radiation leads to alterations in both the immune and pulmonary systems. In the case of the immune system, it is possible that radiation exposure leads to immunosenescence and/or premature aging of the immune system. Lessons can be learned from atomic bomb survivors, whose immune systems exhibited long-term signs of increased systemic inflammation (5) . One such report correlated decreased thymic output of T cells with increased levels of the proinflammatory marker, c-reactive protein and obesity in atomic bomb survivors (34) . In our model, either whole-body or chest-only irradiation presumably targets the thymus, which could lead to a decrease in naïve T-cell output. A separate report showed a correlation between the level of radiation exposure and numbers of activated T cells seen decades later (35) . It is well known that Tregs are dysregulated in the elderly, and impaired function could contribute to low levels of inflammation in aged irradiated individuals (36) . Furthermore, impaired function in T cell can lead to consequences in the elderly with respect to vaccination, infection and autoimmune disease (37) . If whole-body irradiation during childhood leads to accelerated immunosenescence and aging, then alterations in Treg function could contribute to the increased morbidity seen in response to influenza infection that our group has reported previously. Supporting this concept, a recently published report showed that Tregs promote recovery of mice after clearance of influenza virus (18) . Furthermore, in a another report, it was suggested that the function of Tregs in obese individuals is impaired, which could contribute to the increased levels of inflammation seen in overweight individuals with chronic obstructive pulmonary disease (38) .
Additional studies are needed to examine the relative ability of irradiated juvenile animals to respond to more virulent primary (e.g., PR8) or secondary infections and to determine whether undetected, subclinical damage is present in the immune systems of these mice. It is also important to determine the threshold at which the immune system is affected by internal contamination and how damage to the immune system is decoupled from the physical loss of club cells from the pulmonary milieu. Furthermore, the identification of biomarkers that could predict the damage to the club cell population and potential late effects of such damage would have implications for clinical practice with respect to thoracic radiation therapy, as well as countermeasure development for use after nuclear or radiological incidents. It is our hope that, by understanding how exposure to radiation leads to damage in the pulmonary and immune systems, new drug targets may be identified that could help protect against long-term morbidities due to external and/or internal radiation exposure, especially in vulnerable populations, such as children.
